Introduction
The thoracic and abdominal viscera are innervated by two sets of afferent fibers: vagal afferents projecting to the nodose and jugular ganglia, and spinal afferents projecting to the dorsal root ganglia (DRGs). Spinal afferents are primarily involved in nociception, evoking conscious sensations of discomfort and pain (Cervero, 1994) . In contrast, many vagal afferents do not evoke conscious sensations but can trigger powerful regulatory reflexes that are critical for visceral homeostasis (Paintal, 1973) . Most vagal axons are unmyelinated, conducting action potentials in the C-fiber range (Mei et al., 1980; Li and Schild, 2002; Bielefeldt et al., 2006) . Vagal afferents are free nerve endings and the majority are polymodal, responding to physical stimuli (mechanical and thermal) and chemical irritants (Higashi, 1986; Carr and Undem, 2003; Lennerz et al., 2007) . Activation of these fibers triggers powerful defensive reflexes such as cough, apnea, mucus secretion, and vomit aimed at protecting the organism from the detected insult (Coleridge and Coleridge, 1984; Lee et al., 1992; Lee and Pisarri, 2001) .
Warm and cold thermal receptors have been identified in different vagal territories including the gastrointestinal tract (El Ouazzani and Mei, 1982; Lennerz et al., 2007) and the upper and lower respiratory tract (Jammes et al., 1987; Sant'Ambrogio et al., 1988) . In the esophagus and stomach, these receptors are well suited for monitoring the temperature of ingested materials. Furthermore, breathing cold air can also trigger protective vagal reflexes, such as cold-induced bronchospasm, cough, and hypoapnea (Jammes et al., 1986; Orani et al., 1991) . Visceral thermoreceptors are also thought to play an important role in the regulation of body temperature (Steiner et al., 2007) .
The cellular and molecular bases of cold temperature transduction in vagal afferents are currently unknown. In contrast, major advances have taken place in elucidating the mechanisms of cold sensing by somatic primary afferent neurons (for review, see Patapoutian et al., 2003; McKemy, 2005) . Transient receptor potential M8 (TRPM8), a nonselective cation channel activated by moderate cold and cooling compounds such as menthol and icilin (McKemy et al., 2002; Peier et al., 2002) , is the main candidate for transducing innocuous cold temperatures in trigeminal and DRG neurons (for review, see Reid, 2005) . TRPA1 is another TRP channel activated by lower temperatures (threshold, ϳ18°C) and a plethora of chemical compounds, including mustard oil and many environmental irritants Bautista et al., 2005) . These two channels are expressed in essentially nonoverlapping subsets of sensory neurons . However, the role of TRPA1 in noxious cold sensing is currently disputed. In some studies, recombinant TRPA1 studies were activated by cold , although other laboratories failed to replicate these results (Nagata et al., 2005; Bautista et al., 2006) . Characterization of two different lines of TRPA1(Ϫ/Ϫ) animals has not settled the issue either: one study found no deficits in cold-evoked responses (Bautista et al., 2006) , whereas the other observed only moderate deficits and restricted to females (Kwan et al., 2006) . Thus, firm evidence for cold activation of TRPA1 channels in native sensory neurons is currently lacking.
Nodose sensory neurons express many thermosensitive TRPs (thermoTRPs), including TRPV1, TRPM8, and TRPA1 (Zhang et al., 2004; Bielefeldt et al., 2006; Ni et al., 2006; Peeters et al., 2006) . Using calcium fluorimetry, Zhang et al. (2004) reported cold-evoked responses in a small fraction of mice nodose neurons but the possible underlying mechanisms was not addressed (Zhang et al., 2004) . Another recent study demonstrated the presence of TRPA1 in nodose ganglia and cinnamaldehyde (CM) responses on cultured nodose ganglia and pulmonary fibers (Nassenstein et al., 2008) .
Here, we report the effects of cooling stimuli on cultured rat nodose neurons. We found a large population of cells activated by cooling stimuli. Cooling was accompanied by development of a small inward current and firing of action potentials. The pharmacological profile of cold-sensitive neurons, using agonists of thermoTRPs, revealed that the majority harbor TRPA1 and TRPV1 channels, suggesting that they are involved in nociceptive responses. Furthermore, specific TRPA1 antagonists abrogated most cold-evoked responses. Cold responses were also greatly diminished in TRPA1 knock-out mice. Together, the pharmacological and genetic evidence indicates that TRPA1 is the major contributor to cold sensing in vagal afferent fibers.
Materials and Methods
Animals. All experimental procedures concerning the use of animals were performed according to the Spanish Royal Decree 223/1988 and the European Community Council directive 86/609/EEC. A total of 39 adults male Sprague Dawley rats (200 -400 g) and 15 adult male mice were used. TRPA1 knock-out mice were kindly provided by Dr. D. Corey (Harvard Medical School, Boston, MA) (Kwan et al., 2006) . These mice were mated with C57BL/6 wild-type mice and the offspring were crossed to obtain the TRPA1(ϩ/ϩ) (n ϭ 6) and TRPA1(Ϫ/Ϫ) (n ϭ 9) mice used in this study.
Retrograde labeling of laryngeal nerve terminals. Animals were anesthetized with isofluorane. A ventral midline incision was made at neck level to gain access to the larynx. A small volume (ϳ8 l) of DiI (50 mg/ml in DMSO) was injected with a Hamilton syringe at multiple sites beneath the laryngeal mucosa. Nine to 12 d after injection, the animals were killed with CO 2 and the nodose ganglia dissected out and cultured (see below). DiI-labeled neurons were identified by their fluorescence emission when excited with 550 nm light.
Isolation and culture of nodose and dorsal root ganglia neurons. The nodose ganglion is located bilaterally in the neck, at the level of the bifurcation of the carotid artery. Freshly dissociated nodose ganglia of adult rats were enzymatically dissociated by incubation in a solution containing 155 mM NaCl, 1.5 mM K 2 HPO 4 , 5.6 mM HEPES, 4.8 mM NaHEPES, 5 mM glucose, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mg/ml collagenase type XI, and 9 mg/ml dispase (all from Sigma) in 5% CO 2 for 35 min at 37°C. Thereafter, nodose ganglia were mechanically dissociated by passing 5-10 times through a fire-polished glass Pasteur pipette. Individual cells were harvested by centrifugation (700 ϫ g for 4 min) before resuspension in DMEM with 10% (v/v) fetal bovine serum (Invitrogen), 100 U/ml penicillin (Invitrogen), 100 g/ml streptomycin (Invitrogen), and 20 ng/ml nerve growth factor (NGF) (Invitrogen). Dorsal root ganglion neurons from adult rats were isolated and cultured with an identical procedure. In some experiments, NGF was omitted from the culture medium.
Culture of mammalian cell lines. Chinese hamster ovary cells (CHO) were cultured in DMEM containing 10% of fetal bovine serum, 2% glutamax, 1% nonessential amino acids (Invitrogen), and 200 g/ml penicillin/streptomycin. CHO cells stably expressing mouse TRPA1 were cultured in the same media plus 200 g/ml hygromicin (Sigma) and 5 g/ml blasticidin (Invitrogen). Induction of TRPA1 expression was achieved by addition of 0.25-0.5 g/ml tetracycline 4 -18 h before recording. Human embryonic kidney 293 (HEK293) cells stably expressing rat TRPM8 channels (CR#1 cells) (Brauchi et al., 2004) were cultured in DMEM containing 10% of fetal bovine serum, 1% penicillin/ streptomycin, and 450 g/ml geneticin (G418).
Calcium imaging. The calcium imaging experiments were conducted with the fluorescent indicator fura-2. Before each experiment, the cells were incubated with 5 M fura-2 AM (Invitrogen) for 45 min at 37°C. Fluorescence measurements were made with a Zeiss Axioskop FS upright microscope fitted with an ORCA-ER CCD camera (Hamamatsu). Fura-2 was excited at 340 and 380 nm (excitation time 200 -300 ms) with a rapid switching monochromator (TILL Photonics), and the emitted fluorescence was filtered with a 510 nm long-pass filter. Mean fluorescence intensity ratios (F340/F380) were displayed online with Metafluor software (Molecular Devices). The calcium imaging-experiments were performed simultaneously with temperature recordings. The bath solution, from here on referred to as "control solution," contained (in mM) 140 NaCl, 3 KCl, 2.4 CaCl 2 , 1.3 MgCl 2 , 10 HEPES, and 10 glucose, and was adjusted to a pH of 7.4 with NaOH. In situ calibration of calcium signals involved the incubation of fura-2-loaded cells with Ca 2ϩ -free/10 mM EGTA and high Ca 2ϩ solutions (10 mM) plus the ionophore ionomycin (2 M) to determine the values of R min and R max . [Ca 2ϩ ] i was calculated according to the equation described by Grynkiewicz et al. (1985) :
. R min is the ratio of fluorescence intensities at 340 and 380 nm obtained at zero [Ca 2ϩ ] i , R max is the ratio at saturating [Ca 2ϩ ] i , K d is the dissociation constant for fura-2, and F min and F max are the fluorescence intensities at 380 nm in the absence and presence of Ca 2ϩ , respectively. The apparent dissociation constant for fura-2 used in all calibrations was 225 nM (Grynkiewicz et al., 1985) .
Electrophysiology. Perforated-patch voltage-clamp or current-clamp recordings were performed simultaneously with temperature and calcium fluorimetry recordings in nodose neurons. Standard patch pipettes (5-7 M⍀) were made of borosilicate glass capillaries (Harvard Apparatus) and contained 105 mM K gluconate, 35 mM KCl, 10 mM NaCl, 10 mM HEPES, 0.1 mM EGTA, and 2 mg/ml amphotericin B, pH 7.4. Intracellular solution for whole-cell patch-clamp recording of HEK293-TRPM8 cells contained (in mM) 140 CsCl, 0.6 MgCl 2 , 1 EGTA, 10 HEPES, 1 ATPNa 2 , and 0.1 GTPNa (280 mOsm/kg, pH 7.4, adjusted with CsOH). For recordings of CHO-TRPA1 cells, it contained (in mM) 140 NaCl, 5 CsCl, 10 EGTA, and 10 HEPES (305 mOsm/kg, pH 7.4, adjusted with NaOH). Current or voltage signals were recorded with an EPC8 patchclamp amplifier (HEKA Electronics). Stimulus delivery and data acquisition were performed using pClamp 9 software (Molecular Devices). Current development was monitored with repetitive (0.2 Hz) injections of 1-s-duration voltage ramps from Ϫ100 to ϩ100 mV. Electrophysiological data were analyzed with WinASCD written by Dr. Guy Droogmans (Katholieke Universiteit Leuven, Leuven, Belgium) (ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/winascd.zip) and Origin 7.0 (OriginLab).
Temperature stimulation. Coverslip pieces with cultured cells were placed in a microchamber and continuously perfused with solutions warmed at 34 -36°C. The temperature was adjusted with a water-cooled Peltier device placed at the inlet of the chamber, and controlled by a feedback device. Cold sensitivity was investigated with a temperature drop to ϳ12°C. Experimental protocols and interpretation of results. During calcium imaging and electrophysiological experiments, the effects of agonist or antagonist compounds were investigated with a protocol, wherein a first cooling stimulus in control solution was followed by a second one in the presence of the agent. At the end of the protocol, a solution containing elevated K ϩ (30 mM) was perfused to test the viability of the cells. Only cells showing a calcium increase to 30 mM KCl were included in the analysis.
Chemical modulators. Camphor (Sigma), thapsigargin (Alomone), nifedipine (RBI), l-menthol (Scharlau), ruthenium red (RR; Sigma), cinnamaldehyde (Sigma), 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-isopropylphenyl)acetamide (HC03001) (Hydra Biosciences), and 4-(3-chloro-pyridin-2-yl)-piperazine-1-carboxylic acid (4-tert-butyl-phenyl)-amide (BCTC; Grünenthal) were stored as stock solutions and diluted immediately before the experiments.
Data analysis. Data are reported as mean Ϯ SEM. The threshold temperatures were estimated as the first point at which the measured signal (F340/F380 or current) deviated by at least four times the SD of its baseline. When comparing two means, statistical significance ( p Ͻ 0.05) was assessed by Student's two-tailed t test. When comparing more than two means, statistical significance was assessed by one-way ANOVA. When comparing proportions, statistical significance was assessed by the 2 test. In graphs, *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results

Cold-evoked [Ca 2؉ ] i responses in cultured rat nodose ganglion neurons
Cold sensitivity was explored in cultured rat nodose neurons loaded with the calcium-sensitive dye fura-2. When the bath temperature was lowered from a base value of 34 -36°C to ϳ12°C, a large fraction of nodose neurons responded with an elevation in their [Ca 2ϩ ] i ( Fig. 1 A, B) . In 91 fields monitored randomly, 419 of 857 cells (49%) were cold-sensitive. Figure 1C shows the distribution of cell diameters among cold-sensitive (CS) and coldinsensitive (CI) neurons. In contrast to results obtained previously in trigeminal ganglion and DRG neurons (McKemy et al., 2002; Reid et al., 2002; Viana et al., 2002; Thut et al., 2003) , CS neurons were larger than CI neurons (31.5 vs 29.8 m; p Ͻ 0.001). [Ca 2ϩ ] i responses in individual cells had a variable time course and amplitude. Most were slow rising, augmenting monotonically with the decline in temperature and often peaking on the rewarming phase (Fig. 1 A) . The mean [Ca 2ϩ ] i elevation was 165 Ϯ 7 nM (n ϭ 419). The temperature threshold distribution covered the full range of temperatures tested (35-12°C) and had a mean value of 24 Ϯ 0.2°C (Fig. 1 D) , ϳ4°C below that of trigeminal or DRG CS neurons (Reid et al., 2002; Viana et al., 2002 ).
Next, we tested the stability of the response to repeated thermal stimuli (Fig. 1 E) . After application of three cooling ramps at 4 min intervals (n ϭ 14 neurons), the amplitude of the second and third response was found to be of the same magnitude as the first one (one-way ANOVA, p ϭ 0.86) (Fig. 1 F) . Thermal threshold of individual neurons did not change significantly either (Fig.  1 F) . Altogether, these results indicate the absence of significant adaptation or sensitization of the cold-evoked response during brief cooling applications.
We were surprised by the high percentage of cold-evoked responses observed in nodose neurons, much higher than in similar studies performed on trigeminal ganglion and DRG neurons (Reid et al., 2002; Viana et al., 2002; Thut et al., 2003) . Because NGF is known to upregulate the number of CS neurons (Babes et al., 2004) , and our cultures were supplemented routinely with NGF, we examined the possible influence of this growth factor on cold sensitivity. To this end, recordings were obtained from neurons cultured for different times in the absence of NGF. As shown in Figure 2 A, neither the time in culture nor the absence of NGF had any effect on the percentage of CS neurons, which was Ͼ50% in all cases. The only notable difference was the smaller amplitude of cold-evoked responses at 2 h after dissociation compared with the rest of the observations (one-way ANOVA and post hoc Tukey test) ( Fig. 2 B) , which may be attributable to acute effects of the enzymatic treatment on cellular excitability. In agreement with this thesis, we observed a significant reduction in the amplitude of [Ca 2ϩ ] i responses to high KCl (30 mM) at 2 h compared with longer cultures (ANOVA, p ϭ 0.005). Furthermore, there was a significant correlation (r ϭ 0.55; p Ͻ 0.001) between cold-evoked [Ca 2ϩ ] i responses and [Ca 2ϩ ] i elevations produced by a brief pulse of 30 mM K ϩ to depolarize the cell (Fig. 2C ).
Cold-evoked responses require extracellular calcium influx
Removing extracellular Ca 2ϩ had a large impact on cold-evoked responses. In 20 of 26 CS neurons, cold-evoked [Ca 2ϩ ] i elevations were abolished (Fig. 3A) . In the remaining six cells, coldevoked [Ca 2ϩ ] i elevations were substantially reduced from 157 Ϯ 60 nM to 40 Ϯ 8 nM ( p Ͻ 0.001). We also tested the potential involvement of internal stores and calcium-induced calcium release on the cold-evoked [Ca 2ϩ ] i elevations. To this end, neurons were incubated for 60 min in 1 M thapsigargin, an inhibitor of sarco/endoplasmic reticulum Ca 2ϩ /ATPase pump that depletes calcium stores (Inesi et al., 2005) . After thapsigargin treatment mean basal [Ca 2ϩ ] i was substantially elevated (264 Ϯ 19 nM compared with 96 Ϯ 2 nM; unpaired t test, p Ͻ 0.001) and mean [Ca 2ϩ ] i elevation during cooling was 304 Ϯ 60 nM (n ϭ 14), with the signal clearly outlasting the temperature drop (Fig. 3B ). The thermal threshold was 27 Ϯ 1.2°C. Altogether, these results indicate that in nodose neurons cold-evoked [Ca 2ϩ ] i signals depend on the activation of a calcium influx pathway.
Nodose cold-sensitive neurons are polymodal
We tested heat stimuli and capsaicin on 51 neurons, 14 of which were CS and 37 CI (Fig. 3C) . Twelve of the 14 CS neurons tested also responded to heat (⌬Ca 2ϩ ϭ 329 Ϯ 70 nM; threshold, 38.5 Ϯ 0.6°C). Of these 12 neurons, 10 also responded to 100 nM capsaicin (⌬Ca 2ϩ ϭ 491 Ϯ 101 nM). Seven of 12 CS neurons tested also responded to 100 M cinnamaldehyde (⌬Ca 2ϩ ϭ 402 Ϯ 92 nM) (see below). These results indicate that the majority of nodose CS also respond to heat and to pungent compounds, typical characteristics of polymodal nociceptors (Fig. 3D) . Among CI neurons, the majority (86%) also responded to heat (⌬Ca 2ϩ ϭ 285 Ϯ 33 nM; threshold, 39.6 Ϯ 0.3°C) and nearly all (32 of 33) heatsensitive neurons also responded to capsaicin (⌬Ca 2ϩ ϭ 404 Ϯ 47 nM) (Fig. 3D) . No heat-insensitive neurons showed a response to capsaicin.
Effects of menthol and icilin on cold-evoked responses
Menthol potently activates TRPM8 channels (McKemy et al., 2002; Peier et al., 2002) , sensitizing their response to cooling stimuli (Voets et al., 2004) . However, menthol has been shown to modulate activity of TRPA1 as well (Macpherson et al., 2006; Karashima et al., 2007) . We investigated the action of menthol on 297 nodose neurons, comparing the action on CS (n ϭ 132) and CI (n ϭ 165) neurons (Fig. 4 A) . Application of 100 M menthol at 35°C evoked [Ca 2ϩ ] i responses in 36% of CS nodose neurons (green trace) but only in 4% of CI neurons (data not shown). These percentages were significantly different ( 2 test, p Ͻ 0.001). Lowering the bath temperature in the presence of 100 M menthol sensitized the cold response in an additional 33% of CS neurons, which shifted their threshold temperature to warmer temperatures (⌬T ϭ 7.5 Ϯ 0.5°C; paired t test, p Ͻ 0.001) and increased their calcium response (⌬Ca 2ϩ ϭ 98 Ϯ 27 nM in control solution vs 234 Ϯ 31 nM in the presence of menthol; paired t test, p Ͻ 0.001). In 14% CS cells, cold threshold did not change by more than Ϯ2°C in the presence of menthol, neither changed the amplitude of the calcium response (⌬Ca 2ϩ ϭ 142 Ϯ 30 nM vs 150 Ϯ 26 nM; paired t test, p ϭ 0.67). Finally, in 17% the threshold shifted to colder temperatures (⌬T ϭ Ϫ6 Ϯ 0.8°C; paired t test, p Ͻ 0.001), although their calcium response did not change significantly (⌬Ca 2ϩ ϭ 136 Ϯ 18 nM vs 122 Ϯ 22 nM; paired t test, p ϭ 0.42). Overall, the majority (69%) of CS neurons were activated or sensitized by 100 M menthol (Fig. 4 B) . Of all neurons classified as CI when cooled in control solution, 16% became CS during cooling in the presence of menthol (blue trace), with a mean threshold of 27 Ϯ 0.9°C and mean [Ca 2ϩ ] i response of 157 Ϯ 16 nM. Altogether, only 20% of CI neurons were activated (4%) or sensitized (16%) by menthol, a lower percentage when compared with CS neurons ( 2 test, p Ͻ 0.001) (Fig. 4 B) .
Icilin is a compound that potently activates TRPM8 but has also weaker agonist effects on TRPA1 (McKemy et al., 2002; Chuang et al., 2004) . Icilin (10 and 50 M) produced a dose-dependent activation of CS neurons (Fig. 4C ). Applied at 10 M icilin did not evoke a response at 35°C but shifted the cold activation threshold to warmer temperatures (⌬T ϭ 2.2 Ϯ 0.9°C; n ϭ 12; p ϭ 0.03) and increased the mean calcium response during cooling (⌬Ca 2ϩ ϭ 133 Ϯ 25 in control solution vs 216 Ϯ 35 nM in the presence of icilin; p ϭ 0.01) (Fig.  4C,D) . In addition, three cells (18%) classified as CI in control solution became CS in the presence of icilin. Application of 50 M icilin produced qualitatively similar effects, with a stronger shift in threshold (⌬T ϭ 5.4 Ϯ 3.4°C; n ϭ 6; one-way ANOVA p ϭ 0.003) (Fig. 4 D) . At this higher concentration, three of six neurons also responded at 35°C (Fig. 4C ) and one additional CI neuron became CS.
In conclusion, the results obtained with menthol and icilin are similar (although icilin is less potent than menthol) and indicate that ϳ70% of all nodose CS neurons are also activated by these agonists of TRM8 and TRPA1. To discriminate between these two targets, we took advantage of the action of more selective agonists and antagonists.
Nodose CS neurons respond specifically to TRPA1 agonists
In addition to activation by intense cold, TRPA1 channels are activated by an extensive battery of chemical compounds known to evoke pungent, painful sensations (Bandell et al., 2004; Macpherson et al., 2005; Bautista et al., 2006; García-Añoveros and Nagata, 2007) . Among them, CM is considered highly specific. We tested CM (50 -100 M) on 118 cells, 60 of which were CS and 58 of which were CI. At 35°C, CM evoked a calcium increase in 82% of CS neurons (⌬Ca 2ϩ ϭ 421 Ϯ 42 nM) and in only 15% of CI cells (⌬Ca 2ϩ ϭ 262 Ϯ 71 nM) (Fig. 5A) . The correlation between sensitivity to cold and to CM was highly significant ( 2 test, p Ͻ 0.001). We also tested the effects of menthol (100 M) on 66 neurons of the same sample (data not shown). Among the 30 CM-sensitive cells, 24 were also menthol sensitive. In contrast, from the 36 CM-insensitive cells only three were menthol sensitive. These results show that there is a high and significant correlation between the sensitivity to these two chemical compounds ( 2 test, p Ͻ 0.001). As shown on the Venn diagram in Figure 5B , there is a strong overlap between in the sensitivity to cold, menthol and CM among neurons in the nodose ganglion.
Recently, we identified the L-type calcium channel blocker nifedipine as a potent agonist of recombinant mouse TRPA1 channels (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Thus, we tested the effect of nifedipine (10 M) on nodose sensory neurons. Eight of nine CS neurons examined showed a robust [Ca 2ϩ ] i increase (546 Ϯ 79 nM) to nifedipine at 35°C (Fig. 5C ). Nine of 18 CI neurons also responded to nifedipine (236 Ϯ 79 nM), a significantly lower percentage ( 2 test ϭ 0.049). After recovery from the nifedipine pulse, we applied CM in 19 neurons: 9 of 10 cells sensitive to nifedipine were also sensitive to CM (Fig. 5C ) and only 1 of 8 cells insensitive to nifedipine was sensitive to CM. There is a statistically significant relationship between the nifedipine and CM sensitivity, consistent with the agonist action of nifedipine on TRPA1.
BCTC is an interesting compound that modulates various thermoTRP channels: it blocks TRPV1 (Valenzano et al., 2003; Behrendt et al., 2004) and cold-and menthol-evoked responses mediated by TRPM8 in native and expressed channels (Behrendt et al., 2004; Madrid et al., 2006) . In contrast, it activates recombinant TRPA1 channels (Madrid et al., 2006) . We tested 10 M BCTC on 20 nodose neurons, 13 of which were CS, and 7 CI. BCTC did not evoke a [Ca 2ϩ ] i rise at 35°C; however, it potentiated the amplitude of cold-evoked responses in the majority (11 of 13) of CS neurons (Fig. 5D) . The potentiation averaged 120 Ϯ 32% (Student's paired t test, p Ͻ 0.01) (Fig. 5E) . Furthermore, on most CS neurons (12 of 13), BCTC shifted reversibly the threshold temperature to warmer values (⌬T ϭ 6 Ϯ 1°C; paired t test, p Ͻ 0.001) (Fig. 5F ). We also tested menthol (100 M) and CM (50 M) on these 13 CS neurons. The 12 CS neurons sensitive to BCTC were also sensitized by menthol, and nine of them also showed a [Ca 2ϩ ] i increase with CM. One CS neuron was insensitive to the three TRPA1 agonists (CM, BCTC and menthol). In marked contrast, BCTC had no effect on the seven CI neurons tested.
In summary, these results indicate that cold-evoked responses in CS nodose neurons were generally potentiated by application of TRPA1-activating compounds, strongly suggesting their expression and their role in mediating cold-evoked responses in these neurons. In a small fraction of neurons (Ͻ10%) sensitivity to cold is independent of TRPA1 expression and is probably mediated by a different molecular cold sensor.
Cold-evoked responses in nodose neurons are blocked by TRPA1 antagonists
To further test the role of TRPA1 in visceral cold sensing, we explored the effects of TRPA1 antagonists on cold-evoked responses in nodose sensory neurons. Ruthenium red blocks TRPA1-mediated cold-evoked responses while lacking effects on TRPM8 (Peier et al., 2002; Behrendt et al., 2004) . We tested 50 -20 M RR on 106 nodose neurons, 17 of which were CS (Fig. 6 A) . In 13 CS neurons RR attenuated the cold-evoked response by 84 Ϯ 7% (Student's paired t test, p ϭ 0.003) (Fig. 6 B) . In the remaining four CS neurons, RR did not affect the cold-evoked response (37 Ϯ 4 nM vs 204 Ϯ 152 nM; p ϭ 0.35).
The efficacy of more specific blockers of TRPA1 was verified by testing first their effects on cold-evoked whole-cell currents in a cell line expressing TRPA1 (see Materials and Methods). As shown in supplemental Figure 2 , A and B (available at www. jneurosci.org as supplemental material), 2 mM camphor, an effective blocker of chemical responses in TRPA1 channels , produced a clear inhibition (80 Ϯ 6%; n ϭ 4; p ϭ 0.022) of TRPA1 currents activated by cooling pulses. In contrast, camphor had no effect on cold-evoked responses mediated by TRPM8 (mean activation, 20 Ϯ 13%; n ϭ 5; p ϭ 0.71), which were readily blocked by BCTC (mean inhibition, 69 Ϯ 12%; n ϭ 4; p ϭ 0.027) (supplemental Fig. 2C ,D, available at www. jneurosci.org as supplemental material). In addition to blocking effects on TRPA1, high concentrations of camphor can also activate TRPV3 and TRPV1 channels (Moqrich et al., 2005; Xu et al., 2005) . At 2 mM camphor had a dual effect on [Ca 2ϩ ] i levels in nodose neurons: it produced a [Ca 2ϩ ] i elevation in some neurons at 35°C (gray trace) and a full suppression of cold-evoked responses (black trace) (Fig. 6C) suggesting the absence of a common causal relationship between both responses. In contrast, cold-evoked responses were fully blocked by camphor on 11 of 14 CS neurons and this effect was reversible after washing out the drug (Fig. 6C,D) . In one of the remaining three CS neurons, the cold response was partially inhibited, and in the other two it was sensitized. In these three cells the effects were also reversible by washing. We also tested the effect of CM (25 M) on 17 cells, 7 CS and 10 CI. At this concentration, CM produced a [Ca 2ϩ ] i increment of 345 Ϯ 95 nM on eight cells, seven of which were CS (data not shown).
HC03001 is a specific antagonist of chemical responses in TRPA1 channels (McNamara et al., 2007) . In CHO cells expressing mTRPA1, we found that 20 M HC03001 abolished coldevoked responses in a reversible manner (supplemental Fig.  2 E, F , available at www.jneurosci.org as supplemental material). Similarly, in 11 of 14 CS neurons, 20 M HC03001 abrogated cold-evoked responses fully and reversibly (Fig. 6 E) . In two other CS cells, the response was inhibited by 25 and 20%, respectively. Finally, in the remaining CS cell, the cold-evoked response was unchanged. A summary of these findings is presented in Figure  6 F. Application of HC03001 had no effect on 30 CI neurons (data not shown). Altogether, these results strongly suggest that TRPA1 channels are the principal influx pathway for cold-evoked [Ca 2ϩ ] i elevations in rat nodose sensory neurons. (Fig. 7A) . Furthermore, all neurons inhibited by HC03001 showed a strong [Ca 2ϩ ] i response when probed with 50 M CM (430 Ϯ 86 nM) (Fig. 7A) . In contrast, of the five neurons unaffected by HC03001 (71 Ϯ 17 nM in control solution vs 90 Ϯ 27 nM in HC03001; p ϭ 0.22) only one was activated by CM.
Cold-evoked responses are reduced in TRPA1 knock-out mice
These results show that, as in rats, two populations of CS nodose neurons are also present in mice: a larger subpopulation whose response to cold was inhibited by HC03001 and excited by CM (TRPA1 dependent) and a smaller subpopulation (ϳ30%) of CS neurons insensitive to CM and with responses to cold that were not inhibited by HC03001 (TRPA1 independent) (Fig. 7B) . The amplitude of cold-evoked [Ca 2ϩ ] i responses was significantly larger in the TRPA1-dependent population (227 Ϯ 39 nM vs 71 Ϯ 17 nM; p ϭ 0.002) (Fig. 7C) . In contrast, thermal threshold (21.9 Ϯ 1.2°C vs 20.0 Ϯ 2.4°C; p ϭ 0.42) and cell diameter (24.0 Ϯ 1.5 m vs 23.1 Ϯ 1.7 m; p ϭ 0.75) were similar.
Next, we assessed the cold sensitivity of cultured nodose neurons from TRPA1(Ϫ/Ϫ) mice (Kwan et al., 2006) . We recorded from a total of 179 neurons, only 10 of which (6%) were CS ( Figure 7D ). This proportion was significantly smaller compared with the one observed in TRPA1(ϩ/ϩ) mice ( 2 test, p Ͻ 0.001). As expected, none of the 179 neurons responded to application of CM. We also tested HC03001 (20 M) on these neurons. As shown in Figure 7C , the drug did not affect [Ca 2ϩ ] i levels in CI neurons, neither did it block cold-evoked responses in CS neurons (69 Ϯ 12 nM in control solution vs 116 Ϯ 39 nM in the presence of HC03001; p ϭ 0.23), indicating a good specificity of the compound against TRPA1. Furthermore, cold-evoked [Ca 2ϩ ] i responses in TRPA1(Ϫ/Ϫ) mice were small in amplitude (Fig. 7F ) , similar to responses in the TRPA1-independent population of wild-type mice ( p ϭ 0.92), but significantly smaller than responses in the TRPA1-dependent population of these same mice. In contrast, no difference was observed in thermal threshold or cell diameter between the different subgroups (data not shown).
Altogether, these results indicate that TRPA1 is the principal mediator of cold-evoked responses in mice nodose neurons. They also show that, as was the case in the rat, a smaller subpopulation of neurons is activated by cold through a TRPA1-independent mechanism.
Electrophysiology of cold-evoked responses in nodose neurons
We used perforated-patch current-clamp recordings, combined with simultaneous [Ca 2ϩ ] i imaging, to further characterize the ionic mechanisms underlying coldevoked responses in rat nodose neurons. In seven CS neurons, the mean depolarization during a cooling ramp to ϳ15°C was 21 Ϯ 4 mV and all neurons reached the firing threshold for action potentials (Fig.  8 A) . The mean temperature threshold for firing was 25.6 Ϯ 1.8°C. The depolarization was accompanied by an elevation in the [Ca 2ϩ ] i level that averaged 331 Ϯ 86 nM (Fig. 8 A) In contrast, CI neurons had minimal responses to cooling ramps: on average, they hyperpolarized by 1.0 Ϯ 2.8 mV, none reached firing threshold, and the [Ca 2ϩ ] i elevation to cooling averaged only 9 Ϯ 2 nM (n ϭ 8) (Fig. 8 B) . Basic electrophysiological properties of CS and CI neurons were undistinguishable (Table 1) .
Application of 2 mM camphor strongly reduced cold-evoked depolarizations in nodose neurons (Fig. 8C) . The mean depolarization in camphor was reduced from 24 Ϯ 6 mV to 7 Ϯ 6 mV ( p Ͻ 0.001; n ϭ 4) (Fig. 8 D) . In all cases, the residual depolarization in camphor was subthreshold for action potential firing. The [Ca 2ϩ ] i elevation that accompanies the cold-induced depolarization was fully blocked by camphor in two of four neurons and in the other two it was reduced by 71 and 18%, respectively (Fig. 8 D) .
Next, we assessed the effects of cooling ramps on ionic conductances and [Ca 2ϩ ] i in CS and CI neurons under voltageclamp conditions. Cells were held at Ϫ60 mV. As shown in Figure  8 E, in CS neurons, identified previously by calcium imaging, cooling was accompanied by the development of a small inward current that recovered with rewarming. The cold-induced current averaged Ϫ0.59 Ϯ 0.14 pA/pF (n ϭ 6). In all six neurons, a slowly developing [Ca 2ϩ ] i increase of 273 Ϯ 83 nM was observed during cooling (Fig. 8 E) , similar to the elevation during current clamp (t test, p ϭ 0.64). We also recorded from four CI neurons under the same conditions and did not observe any inward current or [Ca 2ϩ ] i increase during cooling (Fig. 8 F) . The application of 2 mM camphor abolished the [Ca 2ϩ ] i response in five of the six CS neurons (Fig. 8G) . In three of those five inhibited by camphor, the inward current was also fully suppressed, and in the other two was diminished by 40 and 20%, respectively. In the only neuron that had a calcium increase in the presence of camphor, the inward current diminished by just 12% (data not shown). These results are summarized in Figure 8 H. They suggest that low temperature leads to the opening of a Ca 2ϩ -permeable conductance at Ϫ60 mV in nodose neurons. However, these calciumpermeable channels are not the solely conductance altered by cooling, as implied by the fact that camphor abolished the calcium response in two cells but not the inward current.
Cold-evoked responses in vagal neurons innervating the upper airway
The vagus nerve innervates a variety of visceral targets in the thorax and abdomen. To investigate the effects of cold temperature on a subpopulation of nodose sensory neurons innervating a specific peripheral territory, we applied the retrograde fluorescence tracer DiI to the larynx of six rats (see Material and Methods). After 9 -12 d, isolated cultured nodose neurons were loaded with the calcium indicator fura-2. From these ganglia, we recorded a total of 219 neurons that had similar characteristics as those obtained from uninjected animals. The proportion of CS (43%) was nearly identical to those obtained in control animals (49%) ( 2 test, p ϭ 0.14). Their mean temperature threshold was also very similar (24.0 Ϯ 0.2°C vs 23.2 Ϯ 0.5°C; p ϭ 0.085), as well as their mean [Ca 2ϩ ] i response to cooling (165 Ϯ 7 nM vs 161 Ϯ 20 nM; p ϭ 0.85).
Of the 219 neurons studied, 51 were marked with DiI ( Fig. 9A ) and 18 (35%) of them were CS ([Ca 2ϩ ] i increase, 181 Ϯ 61 nM; threshold, 20.8 Ϯ 1.0°C). We tested 50 M CM on 19 DiI-labeled neurons, 10 of which were CS and 9 of which were CI. Eight (80%) CS neurons responded to CM (mean [Ca 2ϩ ] i increase, 615 Ϯ 175 nM), whereas only one CI (11%) neuron responded. These proportions were significantly different ( 2 test, p Ͻ 0.005). We also tested 100 M menthol in 17 DiI-labeled neurons, 8 of which were CS. At 35°C, four (17% of total) cells responded with a calcium increase (167 Ϯ 53 nM), three of which were CS. When lowering the temperature in the presence of menthol, two CS cells shifted their threshold to higher temperatures (⌬T ϭ 4.1 Ϯ 1.4°C), two CS cells did not change threshold (⌬T ϭ 0.5 Ϯ 0.5°C), and one changed its threshold to lower temperatures (⌬T ϭ 2.3°C). However, five CI neurons (56% of CI neurons) also responded to cooling in the presence of menthol (calcium increase, 122 Ϯ 39 nM; threshold, 28.4 Ϯ 2.4°C).
In three CS neurons labeled with DiI, we tested the effect of 2 mM camphor on the cold-evoked [Ca 2ϩ ] i response. In all three, the cold-evoked [Ca 2ϩ ] i response was strongly reduced in a reversible manner (mean inhibition, 86 Ϯ 10%) (data not shown). In nine additional CS neurons, we tested the effect of 20 M HC03001: in seven neurons the coldevoked [Ca 2ϩ ] i response was completely abolished, in another neuron the response was diminished by 96%, and in the remaining neuron the magnitude of the response was unaffected (Fig. 9 A, B) . In four DiI-labeled CS neurons, we also applied 100 nM capsaicin, in all of them capsaicin evoked a response (data not shown). Thus, the pharmacological phenotype of CS laryngeal neurons is very similar to the one observed in the overall population of CS nodose neurons.
The anatomical, pharmacological and functional properties of cold-evoked responses in dorsal root ganglion neurons are different from the nodose ganglion Our results in the nodose ganglion differ substantially to previous observations from several laboratories, including our own, on the pharmacological and functional properties of cold-sensitive neurons in somatic sensory neurons of the trigeminal ganglion and DRG (McKemy et al., 2002; Reid et al., 2002; Thut et al., 2003; Madrid et al., 2006) . Thus, we decided to make a direct comparison in the cold sensitivity of cultured nodose and DRG neurons, obtained from adult rats under identical experimental conditions.
In agreement with previous reports, CS neurons in DRG cultures were much less frequent than in the nodose ganglion, and were confined to a subpopulation of smalldiameter neurons. In our sample of 50 neurons, only 7 (14%) responded to the cold stimulus (Fig. 10 A) . Furthermore, CS neurons were smaller in diameter than the CI neurons (20 Ϯ 0.5 m vs 27.6 Ϯ 0.6 m; p Ͻ 0.001). In addition, [Ca 2ϩ ] i elevations had a significantly larger amplitude (⌬Ca 2ϩ ϭ 1018 Ϯ 206 nM) and a faster time to peak compared with the nodose ( p Ͻ 0.006). Finally, the pharmacological properties of cold-evoked responses in the DRG were strikingly different compared with the nodose. As shown in Figure 10 B, cold-evoked responses were completely insensitive to 2 mM camphor, but were strongly inhibited by 10 M BCTC, a blocker of recombinant and native TRPM8 channels (Behrendt et al., 2004; Madrid et al., 2006; Malkia et al., 2007) . A summary of these findings is shown in Figure 10C . Interestingly, 25% of Neurons were recorded in the perforated-patch current-clamp configuration. Input resistance was measured from the slope of peak voltage response to a series of negative current steps. Spike duration was measured at half amplitude.
CI neurons in the DRG responded to 10 M BCTC at 35°C or during cooling ramps, suggesting the presence of TRPA1 in these CI-insensitive cells (data not shown). We did not observe these responses in a previous study in the trigeminal ganglion (Madrid et al., 2006) , probably because that study was performed in neonatal animals and TRPA1 shows a delayed expression profile during development (Hjerling-Leffler et al., 2007) .
Discussion
The mechanisms for stimulus transduction at visceral sensory endings are less well understood than those at sensory fibers innervating the skin and other somatic tissues. Our key finding is that cold sensitivity is present in a large proportion of vagal visceral sensory neurons and that TRPA1 channels appear to be the principal receptor molecule for cold thermal transduction in these neurons, in striking contrast with somatic ganglion neurons, in which TRPM8 acts as the main cold sensor. In addition, the functional and chemical phenotype of vagal coldsensitive neurons suggests that the majority of visceral neurons displaying cold sensitivity have a nociceptive function.
Cold sensitivity in visceral versus somatic neurons
There is only one previous study exploring the sensitivity to cooling of nodose ganglion neurons (Zhang et al., 2004) . In that work, performed in mice, the percentage of CS neurons was 11 Ϯ 4%, similar to our own findings in mice (18%) and clearly lower than our observations in the rat. Thus, despite methodological differences between both studies [e.g., in the study by Zhang et al. (2004) , cooling stimuli were applied from a baseline temperature of 28°C, compared with 34 -35°C used in the present study], a species difference appears as the main contributing factor. Furthermore, the pharmacological and genetic evidence we obtained shows that the higher percentage of CS in rats is based on expansion of a TRPA1-dependent mechanism, whereas the TRPA1-independent mechanism contributes similarly to cold sensitivity in both species. The molecular mechanism behind TRPA1-independent cold sensing in the nodose requires additional study. Most CS neurons in the nodose were activated by TRPA1 agonists and also by heat and capsaicin, two well-characterized TRPV1 agonists (Caterina et al., 1997) . This evidences that nodose thermosensitive ganglion neurons are polymodal and nociceptor-like, an interpretation that fits with the polymodal character of vagal afferents reported in numerous studies (Kang et al., 2004; Yu et al., 2005; Lennerz et al., 2007) .
Our observations revealed important differences in coldtransduction mechanisms between peripheral sensory neurons of the somatic and the visceral system. Cold-sensitive neurons were more abundant in the rat nodose ganglion, and their mean diameter was larger. Also, In contrast with trigeminal and DRG ganglion neurons (Reid et al., 2002; Viana et al., 2002; Thut et al., 2003) the amplitude of the [Ca 2ϩ ] i responses to cold in nodose neurons was smaller and the mean threshold temperature lower, overlapping with the least-sensitive population of cold somatosensory neurons (Viana et al. 2002) . Finally, the pharmacological profiles of somatic and visceral CS neurons were strikingly different. This was most obvious when testing selective antagonists of TRPM8 and TRPA1, and suggests that cold sensing is mediated primarily by TRPM8 in somatic endings and by TRPA1 in vagal visceral endings. In this regard, the strong correlation between cold, menthol, and cinnamaldehyde sensitivity in nodose neurons was initially surprising and suggested a strong overlap between TRPM8 and TRPA1 expression in the nodose ganglion, unlike in DRG . However, the recent observa- [Ca 2ϩ ] i response in a CS DRG neuron during four consecutive cooling pulses. Note the lack of effect of 2 mM camphor on the coldevoked response and the strong, reversible inhibition produced by 10 M BCTC. C, Mean [Ca 2ϩ ] i increase to cooling, cooling plus 2 mM camphor, cooling plus 10 M BCTC, and cooling after washout of drugs in CS DRG neurons. **p Ͻ 0.01.
tion that menthol potently activates TRPA1 channels (Karashima et al., 2007) leads to the simpler explanation that menthol activates somatic and visceral CS neurons by acting on different TRP channels: TRPM8 in somatic afferents and TRPA1 in visceral endings.
To our knowledge, no previous studies investigated coldevoked electrophysiological responses in nodose neurons. Impulse firing and intracellular calcium rises in response to cold had a slow time course and a relatively high cold threshold. Basic electrophysiological properties of CS and CI vagal neurons were similar, suggesting that transducing capacities in this class of neurons do not correlate closely with their intrinsic membrane properties, contrarily to somatic neurons. This observation is in agreement with the study of (Bielefeldt et al., 2006) , in which no differences in membrane properties were noticed between mechanosensitive and mechanoinsensitive gastric vagal neurons of the rat.
Contribution of TRPA1 to cold sensing at visceral neurons
Our results strongly suggest that TRPA1 channels are the principal mediators of excitation and cold-evoked [Ca 2ϩ ] i elevations during cooling in a large majority of nodose neurons. Cold sensitivity was closely correlated with responses to all TRPA1 agonists tested (cinnamaldehyde, menthol, nifedipine, icilin, and BCTC). Furthermore, ruthenium red, camphor, and HC03001, antagonists of TRPA1, abrogated the responses to cold reversibly. Finally, the percentage of cold-sensitive neurons in TRPA1 knock-out mice was strongly reduced. The major role of TRPA1 in nodose neurons is in marked contrast with the results obtained in TG and DRG cold-sensitive sensory neurons, in which TRPM8 appears to be the principal although not the sole transduction mechanism for sensing cold Colburn et al., 2007; Dhaka et al., 2007) . Knock-out strains for TRPA1 showed no major defects in cutaneous cold sensing (Bautista et al., 2006; Kwan et al., 2006; Colburn et al., 2007) . It is important to point out that these studies explored only somatic sensibility to temperature and are not incompatible with a major role of TRPA1 in visceral cold sensing as suggested by our study. Still, given that TRPA1 is also strongly expressed in trigeminal and dorsal root ganglia, it is rather puzzling the lack of a cold-sensing deficit in experiments on somatosensory neurons of TRPA1(Ϫ/Ϫ) mice. For example, in the work of Bautista et al. (2006) , the percentage of trigeminal CS neurons was not altered in TRPA1(Ϫ/Ϫ) animals. Furthermore, no correlation was found between cold sensitivity and response to CM, a specific TRPA1 agonist. It should be pointed out that a recent study has found a strong correlation between sensitivity to TRPA1 agonists and sensitivity to deep cooling in mice DRG (Sawada et al., 2007) . The possibility that cold responses in the nodose may be caused by a novel TRPA1-like channel with similar pharmacological properties to TRPA1 appears incompatible with the major reduction in cold sensitivity we observed in TRPA1(Ϫ/Ϫ) animals. (1) It is possible that cold responses may be caused by a different splice variant of TRPA1 expressed exclusively in the nodose. (2) Cold sensitivity of TRPA1 may depend on posttranslational modifications of the protein that are cell specific. (3) Cold sensitivity of nodose neurons may depend on an indirect activation mechanism of TRPA1. We find this last possibility attractive, especially in light of the lack of intrinsic cold sensitivity of TRPA1 channels (Zurborg et al., 2007) (but see Sawada et al., 2007) . Thus, it is possible that nodose TRPA1 channels are more sensitive to activation by calcium ions compared with somatic sensory neurons (Doerner et al., 2007; Zurborg et al., 2007) . Future behavioral studies in TRPA1(Ϫ/Ϫ) mice will be important to establish the functional role of TRPA1 in cold transduction in different visceral organs.
Functional role of visceral cold-sensitive neurons
Pain is the dominant sensation elicited by stimulation of most internal organs, and is thought to arise mainly from their innervation by nociceptive sensory afferents that enter the spinal cord (Cervero and Laird, 2004) . However, there is ample experimental evidence of vagal receptors responding to intense mechanical stimulation, irritant chemicals, or algogenic substances (Ness and Gebhart, 1990; Kang et al., 2004; Yu et al., 2005; Bielefeldt et al., 2006; Hisata et al., 2006) , which also become sensitized by heat and noxious chemical stimuli (Kang et al., 2004) . These receptors are thought to be involved in multiple autonomic reflexes (Paintal, 1973) . Sensitivity to cold of vagal polymodal nociceptor fibers has not been explored in detail. However, neurons responding to flow of cold air through the larynx have been recorded in cats and dogs (Jammes et al., 1987; Sant'Ambrogio et al., 1988) . More recently, Lennerz et al. (2007) identified superior laryngeal nerve fibers that innervate the esophagus of the rat and respond to mechanical stimulation and cold in a range between 30 and 15°C, and often also to irritant chemicals and heat. These fibers represent ϳ40% of the mechanosensitive vagal fibers of the esophagus and may correspond to the axons of cold-sensitive TRPA1 nodose ganglion neurons identified in our study. We also found a small number of nodose cold-sensitive but TRPA1-insensitive neurons that present pharmacological properties closer to those of low-threshold cold-sensitive neurons of somatosensory ganglia; these vagal neurons probably express TRPM8 and could be the origin of the low-threshold-specific cold-receptor fibers incidentally reported in the vagus nerve (El Ouazzani and Mei, 1982) . Still, the nociceptive-like phenotype of most CS vagal sensory neurons suggest that they serve predominantly a nociceptive function.
Although conscious, sensory-discriminative aspects of visceral sensation appear to be performed mainly by spinal neurons (Ness and Gebhart, 1990) , there is evidence that sensory information provided by vagal neurons makes a distinct contribution to disease-related alterations in visceral sensation such as nausea and emesis and in the emotional-affective aspects of abdominal nociception (Zagon, 2001; Holzer, 2007) . Local stimulation of vagal cold-sensitive fibers innervating the stomach in dogs inhibit gastric motility and increase ventilation (El Ouazzani and Mei, 1982) . Cooling the abdominal cavity also triggers behavioral and metabolic thermoregulatory responses (Baldwin, 1975) . Moreover, cold exposure in rats induces c-fos expression in the nucleus of the solitary tract, the first relay of vagal sensory information within the brainstem (Miyata et al., 1995) . From the nucleus of the solitary tract, vagal information projects massively to the parabrachial nucleus, a region which also receives information from somatic cold-sensory fibers and has a role in thermoregulation (Nakamura and Morrison, 2008) . Thus, it is possible that cold-sensitive vagal neurons play a role in eliciting non-noxious thermoregulatory reflexes.
Part of the nodose ganglion CS neurons that we studied innervated the larynx through the superior laryngeal nerve. This nerve contains cold-sensitive afferents with broad thermal thresholds that reach the nociceptive range (Jammes et al., 1987) and may act as sensors for air flow (Sant'Ambrogio et al., 1988) . The general properties and pharmacology of superior laryngeal nerve neurons were similar to the rest of nodose CS neurons. Breathing cold air can induce potent protective respiratory reflexes, including bronchospasm and cough (Coleridge and Coleridge, 1984; Berk et al., 1987) . A recent study on single nodose neurons innervating the bronchia found that they express TRPA1, but not TRPM8, and respond to cinnamaldehyde (Nassenstein et al., 2008) . Together with our findings, these data suggest a critical role of a TRPA1 channels in cold-evoked bronchopulmonary reflexes.
In summary, our study identified TRPA1 as the principal molecular element for transduction of cold temperatures by visceral neurons in the nodose ganglion, in striking contrast with the main role of TRPM8 channels in cold sensing by somatic neurons. This difference has obvious implications for the design and development of drugs specifically targeting populations of visceral nociceptors.
